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Abstract 
Fly ash entering a CO2 capture plant in the incoming coal-fired flue gas is a potential source of metals that may boost amine 
losses in the plant. This study presents a comparative assessment of the impact of fly ash quality and the level of solvent 
degradation on the leaching mobility of ash metals. The results of two ash samples from two European power stations are 
presented leached with fresh 30 wt% lean MEA & degraded lean MEA solvent taken from the capture pilot plants based at these 
to power stations. The results show that degradation of the solvent increases the mobility for Mn & V (and by extrapolation Cu 
and other trace metals), but Fe mobility remains unchanged with increased degradation. Ash/solvent ratio was found to have the 
most significant impact on leaching rates and with lower ratios expected in the process than tested here, it is expected that fly ash 
leaching will only be a minor contribute to total metal levels in the solvent and subsequent catalyzed degradation. It is 
recommended to conduct further studies using lower ash/solvent ratios and to consider the impact of FGD carryover on the metal 
transfer into the solvent. 
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1. Introduction 
Carbon capture pilot plants on coal-fired power stations have been reported to suffer from an enrichment of metals, 
especially Fe in the solvent over time [1]. Fe and other heavy metals, act as  catalysts for the oxidative degradation 
of the amine solvent and therefore their build up in the solvent can lead to significant losses of amine. 
It has been observed, in a reported pilot plant study, that concentrations of Cr and Ni are seen to increase time 
dependently as well as Fe [2], leading to the focus on corrosion of stainless steel surface areas and welds as sources 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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of metals in solution. By contrast, the effect of particulate matter in the flue gas of coal fired power stations on 
amine based carbon capture process has, up till now, not been studied in much detail. The short duration of pilot 
plant operation due to the testing of different solvents and the low amount of particulate matter entering the pilot 
plants might be the reasons why this effect has not been considered at all. However, over a longer time period, the 
contribution of fly ash metals to overall metals concentrations in the solvent may be significant depending on the 
leaching properties of the solvent. 
A previous laboratory study by this group [3] has established that fly ash particulate matter undergoes leaching with 
fresh lean and rich MEA solution to a small but significant extent. These results showed that leaching in fresh lean 
or rich MEA led to significantly greater concentrations of metals than in demineralised water. Rich loading of the 
MEA with CO2 further causes a significant increase in metal leaching compared to lean.  
Da Silva et al. [4] reported that fly ash particulate matter from a coal fired power station with an ash to liquid ratio 
of 1:300 for lean MEA 30 wt% solution enhances the formation of oxidation degradation products compared ash-
free solvent. The fly ash particulate matter composition and the concentrations of heavy metals leached from the fly 
ash particulate matter were not analytically determined. It was assumed that the dissolved Fe contributed as a 
catalyst to the oxidation of MEA. 
Chandan et al. [5] tested five different fly ash materials from different coal fired power stations for their impact on 
the formation of degradation products using 30 wt% rich MEA as the liquid with an ash to liquid ratio of 1:100 at 80 
°C. Analytical results of the liquid and particulate were reported. All ash samples clearly contribute to a stronger 
formation of oxidative degradation products in over time.  
This study focuses on how different degraded 30 wt% lean MEA solvents influence the leachability of heavy metals 
from two samples of electrostatic precipitator (ESP) ash taken from two different coal fired power stations. The 
degraded MEA lean solvents derive from the pilot plants operated at these two power stations with a significant 
difference in operating hours between the plants. The main objective of this study is to demonstrate how much Fe 
and other heavy metals are leached into solution according to the total amount of these heavy metals available in the 
ESP ash particulate matter and to the amount of degradation products in the solvent. This leaching behaviour is 
defined as mobility [6]. An additional objective is to answer the question around whether the total amount of Fe in 
the ESP ash or fly ash will be more readily leached by increasing levels of degradation products and therefore will 
boost amine losses or not. 
2. Materials and Methods 
The concentration of fly ash particulate matter behind the flue gas desulphurization (FGD) unit differs from power 
plant to power plant dependent on the concentration of ash in coal and the quality of the installed flue gas cleaning 
devices. The low concentration of fly ash particulate matter being emitted under normal operating conditions does 
not allow the collection of reliable samples of sufficient material for characterization and testing. Therefore, ash 
captured in the ESP is used in this study as a proxy for the particulate matter found after the FGD due to its ready 
availability and ease of sampling. Fly ash behind FGD compared to ESP ash has a smaller average particle size and, 
due to the resultant higher specific surface area, generally higher concentrations of heavy metals and compounds 
deposited from condensation processes that occur during the flue gas path between the boiler and the air preheater of 
coal-fired power stations [7, 8]. However, the general composition of fly ash and ESP ash do not differ significantly 
if the ashes are considered without considering the levels of carbon residue. This can be implied from studies that 
show that when integral ESP ash (all stages) is compared to ESP ash from the final stage of the ESP alone, the 
differences in composition are small [9]. On this basis it is assumed that ESP ash is an acceptable proxy for studying 
the effects of particulate matter on the capture solvent. 
 
Spot samples of the ESP ash from two power stations (PP3 and PP4) have been taken from the total flow of captured 
ESP ash to the storage silo using standard internal methods. The average particle size of the samples was much 
lower than 10 mm, the maximum size acceptable for standard leaching tests. The composition of ash was 
characterized by X-ray Fluorescence (XRF). To ensure good quality spectra a portion of each ESP ash sample was 
pressed into a 40 mm tablet using a wax binder before characterization. The concentrations of the main and minor 
compounds and heavy metals were determined quantitatively. The results for the main compounds are calculated as 
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oxides (as is standard for ash characterization). The particle size distribution has been determined by  laser 
granulometry. 
 
Leaching tests on the ESP ash samples were conducted according to the European Standard EN-12457-4 at room 
temperature for 24, 48 and 192 hours using a rotary shaker [10]. The ratio of solid to liquid was 1:10 (kg/kg), with 
the exception of where this ratio was altered to 1:50 and 1:200 to determine its effect on leaching rates. Leachates 
were analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) for heavy metals. For the 
leaching tests, a solution of 30 wt% MEA (99.5% purity, Merck KGaA) in demineralised water and carbonated to 
lean solvent quality was used along with the two differently degraded lean 30 wt% MEA solvents. These two 
degraded lean MEA solvents were treated before the leaching experiments by a selective ion exchange procedure 
(Lanxess TP 207) in order to reduce the concentrations of Fe and Ni to below 10 mg/L, for a more accurate 
determination of the Fe and Ni concentrations in the leachate. This procedure did not reduce Cr, thus the 
concentrations of Cr in the degraded lean 30 wt% MEA solvents remained unchanged. 
3. Properties of ESP ash 
The composition of ESP ash is generally site specific and varies over time due to the qualities of the different coal 
fuel diets and variation in those diets during typical commercial operation of coal-fired power plant. Two spot 
samples of ESP ash from two different power stations were taken. Whist this is not a representative sample in itself, 
based on our experience of ash analysis the composition of major & minor compounds and heavy metals is 
considered usual for ESP ash from hard coal fired power stations in Europe. As shown in Figure 1 the main 
compounds in both ESP ash samples differ according to their alkaline earth and alkaline metal compounds. The ESP 
ash of PP3 contains more alkaline metal compounds, whereas PP4 contains slightly more Al2O3, TiO2, Fe2O3 and 
SO3. The concentrations of V, Cu, Ni, Cr and Zn are significantly higher for the ESP ash of PP4; only the 
concentration of Mn is greater in the ESP ash of PP3 (Figure 2). 
 
 
Figure 1. Ash major component composition (carbon free) for ESP ash samples from PP3 & PP4. 
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Figure 2. Ash trace element composition for ESP ash samples from PP3 & PP4. 
 
The dominant types of particles generally found are glassy spheres typical of such ash [11, 3]. These spheres are 
formed in the boiler when the pulverized fuel ash melts in the burner flame. Shortly after, the liquefied particles 
solidify into glassy spheres. At the surface of these spheres, deposits are formed by condensation processes 
occurring as the flue gas temperature decreases out of the boiler.  Along with these condensation effects, the reaction 
of gaseous compounds such as SO2 and SO3 occurs at the surface of the particles forming sulphates and other 
inorganic salts. Only these surface salts and a portion of the accessible surface area undergo dissolution during the 
leaching tests [12]. 
 
The ESP ash of hard coal fired boilers contains a wide range of particle sizes. This size distribution depends on the 
quality of the milling of the coal and how ash is distributed in the coal.  Both ESP ash spot samples for this 
examination possess a similar particle size distribution (PSD), both with a fraction of 30-37% passing theoretically a 
sieve with an opening of 10 μm (Figure 3). Because of this similarity in the PSD the leaching results are considered 
to be comparable when the impact of differently degraded solvents on both ESP ash samples is considered. 
 
 
 
Figure 3. Particle size distributions for ESP ash samples from PP3 & PP4 
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4. Properties of the degraded MEA solvents 
Both lean MEA solvents with a concentration of 30 wt% have been analysed for heat stable salts (HSS), HEGly (N-
(2-hydroxyethyl)glycine), and for the loading in order to calculate the carbamate content. The total anionic content 
of the solvent is composed of MEA carbamate (no bicarbonate is present due to the relatively low loading), IC-
detectable HSS and HEGly (determined by mass spectroscopy). The results of this analytical work are shown in 
Figures 4 and 5. The total amount of anions differs between samples because the CO2 loadings are not the same and 
the degree of degradation is quite different. The total inorganic HSS is low and similar between samples due to a 
prescrubber upstream of both pilot plants, differences are largely ascribed to quite different numbers of operational 
hours between the pilot plant samples. The MEA solvent of the pilot plant behind PP4 accumulated 73 meq/kg HSS 
totally (Figure 4) which is equivalent to 0,45 % HSS calculated as MEA. For the solvent of the pilot plant PP3 
approx. 390 meq/kg HSS total was determined (Figure 5) which is equivalent to 2,3 % HSS calculated as MEA. The 
ratio of the organic HSS (carbonic acids) of both solvents (PP3:PP4) is approx. 5. The organic HSS (carbonic acids 
excluding HEGly) dominate in relation to the inorganic HSS, but not in relation to the total amount of HSS due to 
the presence of HEGly. The concentration of just one compound, HEGly, possesses the highest contribution for both 
solvent samples. 
 
 
Figure 4. Anionic composition of MEA solvent from PP4. 
 
 
 
Figure 5. Anionic composition of MEA solvent from PP3. 
5. Results 
Both original solvent samples have been treated by an ion exchange procedure to reduce significantly the Fe2+, Ni2+ 
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and only slightly the earth alkaline concentrations. The compositions of these treated samples are kept as blank 
values. These blank values were subtracted from the analytical results of leachates, based on the original lean 
solvent samples, in order to assess what has been dissolved from the ESP ash during the leaching tests. The 
leachates based on fresh lean 30wt% MEA are not subject to this correction. 
5.1. Impact of ESP ash quality and degraded, treated solvents on leachates (1:10, 24h, RT) 
 Two ESP ash samples and three solvents including the fresh lean 30 wt% MEA lead to six results for the heavy 
metals in the leachates which can be compared for each ESP ash (Figure 6 & 7 and Table 1). Both ESP ash samples 
have a similar behaviour. If the results with the differently degraded, treated solvents are compared to results of the 
fresh lean solvent, then for each ESP ash there is an increased mobility for Fe, Mn and V observed in the degraded 
solvents. Only the concentrations for Mo decrease in the degraded solvents compared to the fresh solvent. The 
increase in Fe concentration is similar for both ESP ash samples. However the increases for Mn and V are much 
higher for the ESP ash from PP4 compared to PP3. No significant difference due to the higher concentrations of 
HSS could be identified for Fe (Figure 6 and 7). The impact of the more degraded solvent is, by contrast, clearly 
observed for Mn and V for PP4 ash (Figure 7) and only for Mn at a significant level for PP3 (Figure 6).  
 
 
Figure 6. Leachate metals concentrations following leaching of PP3 ESP ash for fresh solvent & degraded solvents from PP3 & PP4. 
 
 
Figure 7. Leachate metals concentrations following leaching of PP4 ESP ash for fresh solvent & degraded solvents from PP3 & PP4. 
 
The comparisons of the solvents are shown in Figure 8 and 9. The mobility of Fe is the same for both degraded, 
treated solvents. Only Mn and V mobilities are increased in the leachate when leached with the more degraded 
solvent. 
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Figure 8. Leachate concentrations for ESP ash from PP3 & PP4 leached with PP3 degraded solvent. 
 
 
Figure 9. Leachate concentrations for ESP ash from PP3 & PP4 leached with PP4 degraded solvent. 
 
The data of Fe content have been converted to mg/kg and divided by the Fe concentration of 51,760 mg/kg for the 
ESP ash of PP3 or 56,650 mg/kg for the ESP ash of PP4 in order to document the amount of dissolved Fe in %, 
leached from the total amount of Fe in the ESP ash. The same procedure has been applied for Mn and V.  Figure 10-
13 and Table 1 show the calculated mobilities for all samples. The range of mobility varies for Fe between 1.1% to 
2.4%, for Mn between 0.7% to 11.7% and for V between 8.9% to 14.9%. 
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Table 1. Leachate concentrations and calculated mobilities for all samples under standard leaching conditions (1:10 
ash/liquid at RT for 24 hours). 
Species PP3 ESP Ash   PP4 ESP Ash   
 Fresh lean 
mg/L 
PP3 degraded 
mg/L 
PP4 degraded 
mg/L 
Fresh lean 
mg/L 
PP3 degraded 
mg/L 
PP4 degraded 
mg/L 
V 1.1 1.7 1.3 1.8 3.0 1.9 
Cr 1.0 0.0 1.0 1.3 0.0 1.0 
Mn 0.3 1.9 1.3 1.8 5.1 3.5 
Fe 76 111 124 64 114 95 
Ni 0.2 0.3 0.1 0.4 0.3 0.3 
Mo 1.6 0.8 1.0 1.9 1.1 1.6 
 % dissolved % dissolved % dissolved % dissolved % dissolved % dissolved 
V 9.6 14.6 11.0 8.5 14.0 8.7 
Cr 9.0 0.0 9.2 7.6 0.0 5.9 
Mn 0.7 3.6 2.5 4.1 11.6 7.9 
Fe 1.5 2.1 2.4 3.1 2.0 1.7 
Ni 2.4 4.4 1.5 3.7 2.9 2.9 
Mo Not yet known Not yet known Not yet known Not yet known Not yet known Not yet known 
 
 
Figure 10. Mobility of key metals from PP3 fly ash with different solvents. 
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Figure 11. Mobility of key metals from PP4 fly ash with different solvents. 
 
 
Figure 12. Comparison of metal mobilities for PP3 & PP4 ash leached by PP3 solvent. 
 
 
 
Figure 13. Comparison of metal mobilities for PP3 & PP4 ash leached by PP4 solvent. 
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5.2. Impact of the ash to liquid ratio on leachate quality (24h, RT) 
Three ash to liquid ratios (1:10, 1:50 and 1:200) were tested to elucidate the behaviour of the three key heavy metals 
(Fe, Mn and V). Table 2 shows all results including the calculated data for the mobility in %. The concentration of 
Fe (Figure 14 as an example ESP ash of PP3 and degraded, treated solvent of the pilot plant at PP3) are similar to 
the results of reference [3], with noted differences of a different ESP ash and as solvent the rich solution of fresh 30 
wt% MEA, which leaches the ash to a greater extent. Figure 14 clearly shows how low the Fe concentrations are if 
the ash to liquid ratio is reduced to 1:1,000,000 (kg/kg), which is equivalent to 1 mg ash per L of solvent, even when 
the increased mobility for Fe at the higher ratio (1:200) is taken into account (Table 2). 
 
 
Figure 14. Final leachate metals concentration with varying ash/liquid ratio. 
 
Table 2. Leachate metals concentrations and calculated mobilities for all samples with varying ash/liquid ratio. 
Ash/liquid (g/L) 
ĺ 
5 20 100 5 20 100 5 20 100 
Ash/Solvent 
mixture Ļ 
Fe (mg/L) Mn (mg/L) V (mg/L) 
PP3/PP3 7.9 30 111 0.1 0.5 1.9 0.2 0.7 1.7 
PP3/PP4 8.0 29 124 0.1 0.4 1.3 0.1 0.3 1.3 
PP4/PP4 6.0 21 95 0.3 1.2 3.5 0.2 0.4 1.9 
PP4/PP3 6.9 28 114 0.3 1.3 5.1 0.2 1.0 3.0 
 %  Fe dissolved % Mn dissolved % V dissolved 
PP3/PP3 3.1 2.9 2.1 3.6 4.4 3.6 38.6 29.4 14.6 
PP3/PP4 3.1 2.8 2.4 2.8 3.6 2.5 15.8 11.0 11.0 
PP4/PP4 2.1 1.9 1.7 11.5 13.2 7.9 16.0 10.1 8.7 
PP4/PP3 2.4 2.5 2.0 12.8 14.3 11.6 21.7 22.9 14.0 
 
For all four combinations (two ESP ash samples and two degraded, treated solvents) the concentration of Fe 
increases linearly (Figure 15) with higher ash to liquid (i.e. lower ratio value, e.g. 1:10 is equivalent to 100 g ash per 
L solvent, which is an opaque suspension). Such a ratio will never be operated at a pilot or commercial plant, but it 
reveals what could be mobilized as a maximum. Each combination has its own linearity for Fe with a high 
regression coefficient due the specific ash quality and the degree of degradation of the lean solution. The behaviour 
of Mn was generally linear, but for two combinations there is a slight deviation to a weak logarithmic relationship. 
The behaviour of V is similar, but the deviations from linearity are more marked. 
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Figure 15. Variation in final leachate Fe concentration with increasing ash/liquid ratio. 
5.3. Impact of leaching time on leachate quality (1:10, RT) 
The time dependency of metal leaching on the leachates of all four combinations is listed in the Table 3 for the three 
leaching times (24 h, 48 h and 192 h). The first combination (ESP ash PP3 and degraded, treated lean of PP3) shows 
an increase over time for Fe, Mn and V concentrations in the leachate and, of course, for the mobility values. The 
highly degraded, treated lean of PP3 leaches more Mn over time and slightly more Fe, but not V, when the ESP ash 
of PP4 (combination 4) was used. For the combinations 2 and 3 (different ESP ash samples and the low degradation 
lean solvent from PP4) no dependency over leaching time could be determined. Figure 16 reveals the time 
dependent data of combination 1 for Fe, Mn and V. There is a significant increase for Fe from 110 mg/L (24 h) to 
165 mg/L (192 h). If these dependencies for heavy metals can be reliably extrapolated (as an assumption), then the 
concentration of Fe would reach approx. 240 mg/L for a ratio of 100g per L solvent leached for approx. 4000 hours 
operation. For Mn, ~3.5 mg/l, for V ~2 mg/L could be expected.  
Table 3. Leachate metals concentrations and calculated mobilities for all samples with varying leaching time (ash/liquid 
1:10). 
Leaching time (h) ĺ 24 48 192 24 48 192 24 48 192 
Ash/Solvent mixture 
Ļ 
Fe (mg/L) Mn (mg/L) V (mg/L) 
PP3/PP3 111 134 165 1.9 2.2 2.5 1.7 1.8 1.9 
PP3/PP4 124 125 126 1.3 1.2 1.2 1.3 1.2 1.3 
PP4/PP4 95 98 90 3.5 3.4 3.2 1.9 2.0 2.0 
PP4/PP3 114 109 137 5.1 5.8 6.5 3.0 3.0 3.0 
 %  Fe dissolved % Mn dissolved % V dissolved 
PP3/PP3 2.1 2.6 3.2 3.6 4.2 4.8 14.6 15.5 16.4 
PP3/PP4 2.4 2.4 2.4 2.5 2.3 2.3 11.0 10.1 11.0 
PP4/PP4 1.7 1.7 1.6 7.9 7.7 7.2 8.7 9.2 9.2 
PP4/PP3 2.0 1.9 2.4 11.6 13.2 14.8 14.0 14.0 14.0 
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Figure 16. Variation in final leachate metals concentration with increasing time, including assumed extrapolation based on best fit. 
 
In order to get reliable data for the trace species, ratios of 1:10 to 1:200 have been analysed. For a pilot or a 
commercial plant these ash concentrations, even 5 g/L, are far higher than would reasonably be expected. The 
suspension of 1:200 is a cloudy, turbid liquid. For Fe leaching at least one order magnitude lower (< 1:2000) is 
expected to yield a reliable analysis based on the results of this study. These lower ratios should be considered for 
future work. 
6. Conclusions 
The above results lead to the following conclusions: 
 
1. The degradation of the MEA solvent increases the mobility of Mn, V, and potentially Cu or other trace 
metals, however the mobility of Fe does not appear to be affected. The quality of the ESP ash or of the fly 
ash entering the absorber is of great importance in determining the leaching behaviour. 
2. Leaching starts immediately with high rates. However, 24 hours may not be or be sufficient for Fe to reach 
a stable value. This depends on the quality of the ESP ash. The extrapolation of the behaviour of the 
combination of ESP ash of PP3 and degraded, treated lean of PP3) shows that after 4000 hours operation 
the concentration of Fe is expected to be increased to approx. the double of the value achieved after 24 
hours. 
3. The highest impact on leaching levels is the ratio of ash to solvent. The increase of Fe is nearly linear in 
this respect. For Mn and V there are some deviations to linearity. Extrapolating to 1 g ash per L solvent 
(1:1000), the Fe concentration would be at approx. 1 mg/L independent of the ESP ash and the degree of 
degraded solvent. Considering the higher mobility at lower ash concentrations and the leaching time to 
reach 1 g/L this may be increased to approx. 2 mg/L Fe. Increased amine losses based on Fe levels from 
ash leaching are therefore not expected to be significant. The leached metal will contribute to higher 
oxidation rates of MEA, but this degradation will not accelerate the mobility of Fe. 
4. Degradation does affect the mobility of Mn, V and possibly of Cu or other heavy metals. Due to the low 
concentration of these elements regarding the ESP ash compared to Fe (less than 1/100), the concentrations 
in the leachates are expected to be lower than 1 mg/L at a ratio of 1:1000.However, it is recommended to 
consider further tests with ratios of 1:1000 and lower focussing on Mn, V and Cu. 
 
The design of commercial CO2 capture plants behind coal fired power plants should take into consideration the 
concentration of fly ash particulate matter entering the absorber not neglecting the concentration of droplets which 
pass the demister of the FGD (a potential source of metals not considered in this study). 
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